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ABSTRACT
The discovery of 1I/‘Oumuamua confirmed that planetesimals must exist in great numbers in in-
terstellar space. Originally generated during planet formation, they are scattered from their original
systems and subsequently drift through interstellar space. As a consequence they should seed molecular
clouds with at least hundred-metre-scale objects. We consider how the galactic background density of
planetesimals, enriched from successive generations of star and system formation, can be incorporated
into forming stellar systems. We find that at minimum of the order of 107 ‘Oumuamua-sized and
larger objects, plausibly including hundred-kilometre-scale objects, should be present in protoplane-
tary disks. At such initial sizes, the growth process of these seed planetesimals in the initial gas- and
dust-rich protoplanetary disks is likely to be substantially accelerated. This could resolve the tension
between accretionary timescales and the observed youth of fully-fledged planetary systems. Our re-
sults strongly advocate that the population of interstellar planetesimals should be taken into account
in future studies of planet formation. As not only the Galaxy’s stellar metallicity increased over time
but also the density of interstellar objects, we hypothesize that this enriched seeding accelerates and
enhances planetary formation after the first couple of generations of planetary systems.
Keywords: minor planets, asteroids: general — protoplanetary disks — planets and satellites: forma-
tion — planet-disk interactions — ISM: general — local interstellar matter
1. INTRODUCTION
The detection of 1I/2017 U1 ‘Oumuamua (Meech et al. 2017) confirmed the long-standing hypothesis that interstellar
objects (ISOs)1 should be common in the interstellar medium (ISM) (Whipple 1975; Sekanina 1976; Torbett 1986;
McGlynn & Chapman 1989; Stern 1990; Kresak 1992; Jewitt 2003; Francis 2005; Moro-Mart´ın et al. 2009; Cook et al.
2016; Engelhardt et al. 2017), since a vast portion of every planetary system’s small bodies are ejected or gently drift
away over the lifetime of a star. At the extreme end this also includes free-floating planets; though at an estimated
occurrence rate of 0.0096–0.18 per star (Fujii & Hori 2018), they are rare compared with ‘Oumuamua-sized objects.
The ISM and molecular clouds are therefore enriched by past generations of planetesimals — as much a part of
this process as the well-studied elemental enrichment by supernovae. The small mass fraction of heavy elements in
planetesimals even merits consideration in how they affect the chemical evolution of the Galaxy (Tinsley & Cameron
1974).
It seems that planetary systems shed their planetesimals to interstellar space as inevitably as dandelions cast their
seeds on the wind (Fig. 1). Early on, predominantly icy planetesimals are liberated from the outer disk by interactions
with neighbouring stars, due to the high stellar density during that phase (Pfalzner et al. 2015; Hands et al. 2019).
As the gas disk dissipates and the system’s planets migrate, close encounters with giant planets lead to the ejection of
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1 Here the term ‘ISOs’ describes free-floating planetesimals with a size & 50 m.
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Figure 1. Schematic picture of interstellar object (ISO) production rate, relative to the population of the initial planetesimal
disk, during the lifetime of a solar-type star. For high-mass stars the last stage of enhanced planetesimal formation would
happen much earlier at the end of the lifetime of the star.
a large portion of a system’s remaining planetesimals (Duncan et al. 1987; Charnoz & Morbidelli 2003; Raymond &
Izidoro 2017). These planetesimals reside between a few au to tens of au from their star and, therefore, will be a mix
of rocky and icy bodies. Afterwards, throughout the star’s lifetime, predominately icy planetesimals (rocky objects
like those observed by Meech et al. (2016) are 4% of the Solar Oort cloud; Shannon et al. 2015) will be gently lost,
as they drift from the distant fringes of the star’s Oort cloud under the nudging of the Galactic tide and passing field
stars (Brasser et al. 2010; Kaib et al. 2011; Hanse et al. 2018). Finally, the remainder of the system’s Oort cloud will
be shed to interstellar space once the star leaves the main sequence and loses mass (Veras et al. 2011, 2014a; Do et al.
2018; Moro-Mart´ın 2019). All these ISOs wander the Galaxy, at velocities ranging from very near their local standard
of rest (LSR) up to the cutoff of Galactic escape velocity, and it appears the great majority are retained for Gyr
(Guilbert-Lepoutre et al. 2015). Multiplied across the successive generations of stellar system formation, wandering
ISOs form a steadily increasing Galactic background.
In the context of planetary system formation, so far attention has focused on exchanging planetesimals after system
formation (e.g. Adams & Spergel 2005; Levison et al. 2010; Belbruno et al. 2012; J´ılkova´ et al. 2016). As the birth
material of circumstellar disks is inevitably described as “dust particles of at most a micrometer in size” (Birnstiel
et al. 2016), the effect of the pervasive population of ISOs on the formation of planetary systems has received scant
consideration so far. Grishin et al. (2018) considered the capture of ISOs into already-formed gas-rich disks. However,
stars and their surrounding planetary systems form from molecular clouds and ultimately the ISM. Here we consider
how the presence of ISOs in the source ISM and molecular clouds, through cluster development into fully-fledged
systems, eventually affects planet formation around the stars.
2. THE CURRENT PICTURE OF PLANET FORMATION
Two main pathways for the formation of planets have been extensively discussed (for reviews, see, for example Blum
& Wurm 2008; Morbidelli & Raymond 2016; Armitage 2018). In the first scenario, planets form when spiral arms
become gravitationally unstable and fragment directly to form large protoplanets within just a few thousand to ten
thousand years (Boss 2001; Kratter & Lodato 2016). However, for typical protoplanetary disks, the material near the
star stays too hot to go unstable, so this process is expected to generate planets typically only at large distances ≥
100 au from the star (Kratter & Lodato 2016) with masses in the range of 10–20 Jupiter masses. Most planets detected
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so far orbit their host star at distances of < 10 au, and have considerably smaller masses. Even taking migration in
the disk into account, gravitational instability is unlikely to be the predominant formation process for the majority of
planets.
For planets that reside close to their star, dust accretion is the standard formation scenario (Armitage 2018). Here
microscopic dust grains grow by sticking collisions first into larger porous aggregates, later cm-sized “pebbles”, and
eventually planetesimals, from which terrestrial planets or the cores of gas giants form (e.g. Youdin & Rieke 2015).
Two potential problems with this scenario have been found: i) a relatively long formation timescale, especially for giant
planets, and ii) growth barriers during the accretion process. The accretion model requires timescales of 102−104 yr to
form mm- to cm-sized pebbles, 104−106 yr until the planetesimal stage is reached, 106−107 yr to form terrestrial-type
planets, and an additional 105 yr for the gas giants to accumulate their gas (Pollack et al. 1996; Armitage 2018). This
seems at odds with observations of the disk frequency in young clusters, which indicate the median protoplanetary disk
lifetime to be merely 1–3 Myr for both dust and gas (Haisch et al. 2001; Mamajek 2009; Richert et al. 2018). However,
there also exist counterarguments; individual disks have order-of-magnitude scatter from 1–10 Myr, and this derived
timescale might be biased by selection effects (Pfalzner et al. 2014). Nevertheless, planets have been confirmed in
∼ Myr-old gas-rich disks (Johns-Krull et al. 2016; Keppler et al. 2018) and at ∼ Myr-old disk-less pre-main-sequence
stars (e.g. V830 Tau b; Donati et al. 2016). Fast planet formation is also favoured by interpretations of the ring and
gap structures commonly observed in very young (< 1 Myr; perhaps as little as 100 kyr) disks like HL Tau in high-
resolution ALMA observations (Andrews et al. 2018) as carved by (proto)planets (e.g. Long et al. 2018; Zhang et al.
2018; van der Marel et al. 2019). At least some planets must form faster than in the originally proposed planetesimal
accretion model.
The second, but connected, problem concerns the existence of several growth barriers — the bouncing, fragmentation
and drift barriers — in the original accretion model (Weidenschilling 1980; Brauer et al. 2007; Blum & Wurm 2008;
Zsom et al. 2010). The bouncing and fragmentation barriers occur for sizes < 0.1 m, while modelling of the later
stages require bodies of at least 100 m in size to form planets (Fortier et al. 2007). However, the streaming instability
(Youdin & Goodman 2005; Simon et al. 2017) and pebble accretion (Lambrechts & Johansen 2012; Kretke & Levison
2014; Levison et al. 2015a,b; Johansen et al. 2018) are currently regarded as promising ways to overcome these barriers
(Armitage 2018). The streaming instability describes a linear instability in aerodynamically coupled mixtures of
particles and gas that leads to small-scale clustering of the solids, while pebble accretion is a complementary process
where the strong gravitational focusing of pebbles onto larger embryos drives their rapid growth.
The starting point of the various accretion models is dust grains of ≈ 0.1− 1.0 µm, growing into mm-sized particles,
as inferred from measurements at infrared wavelengths of interstellar extinction (Testi et al. 2014). However, as only
particles with sizes comparable to the observational wavelength are actually detectable, ISOs are invisible in these
measurements. Given the evidence for rapid planet formation, we consider if it is plausible that ISOs act as nucleation
centres to jump-start accretion in protoplanetary disks.
3. ISO ABUNDANCE FROM THE INTERSTELLAR MEDIUM TO THE INDIVIDUAL STAR
We start by considering the ISOs available in an arbitrary cubic parsec of the ISM, and follow the development all
the way to protoplanetary disks, as outlined in Fig. 2. We adopt a conservative approach in the sense that we take the
lowest possible values at each stage. We emphasize that even if only a relatively small number of ISOs are incorporated
early on in the disk, these will suffice to substantially accelerate planet formation.
Initial density, option (i): ISM ISOs float effectively invisible to us through the ISM, only detectable in the
event of a chance encounter with the Sun as in the case of ‘Oumuamua. Estimating their occurrence rate is challeng-
ing, requiring complex assessment of surveys’ detection efficiency for both active (brighter) and inactive ISOs. The
most comprehensive available observational constraint for the local spatial field density of ‘Oumuamua-like (∼ 100 m
inactive2) ISOs is ρISO ' 1015 pc−3 (Meech et al. 2017 from 30 integrated years of Pan-STARRS1/Catalina Sky
Survey observation, and scaling from sizes of 1 km to 100 m, after Engelhardt et al. (2017); note that PS1 discovered
‘Oumuamua). This is compatible with the active limit from LINEAR comets of Francis (2005).
For simplicity we assume that this ISM density is representative for the Galaxy, fully aware that it probably varies
throughout the Galaxy; with higher values in the Galactic bulge, disk and towards the Galactic center due to more
2 ‘Oumuamua’s size is constrained by the Spitzer non-detection at an effective radius of 49–220 m, including an effective radius of 70 m
for a surface with cometary scattering properties (Trilling et al. 2018). ‘Oumuamua’s visual brightness was not appreciably enhanced by
its weak outgassing inferred by Micheli et al. (2018).
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Figure 2. Illustration of the seeding of planetesimals from the interstellar field density into disks. ISO density indicates
∼ 100 m-sized effectively-inactive objects, like ‘Oumuamua.
frequent dynamical encounters (Veras et al. 2014a), more metal-rich Pop I stars (Tanikawa et al. 2018) and gravitational
focusing effects. In addition, impact erosion by interstellar dust grains might generate some localized fluctuations in
the ISO population by removing very small ISOs over the course of several tens of Myr (Stern & Shull 1990; Stern
1990; Vavilov & Medvedev 2019), which is compatible with the deficit of very small comets in the size distribution of
long-period comets (Meech et al. 2004). In contrast, & 10 km-sized ISOs will be long-lived, effectively for the Galactic
lifetime, as they experience only a minute reduction in their size (Guilbert-Lepoutre et al. 2015). An additional loss
process may be gas-flow-induced torques in the ISM, which could spin-up some ISOs to disruption (Hoang et al. 2018);
finally, dynamical capture by fully evolved planetary systems removes only a negligible fraction of the population
(Torbett 1986; Engelhardt et al. 2017). However, there is no reason based on the Sun’s current location for the ISO
density in the solar neighbourhood to be locally enhanced, and the Sun has probably been at its current Galactic
distance for around a Gyr. Therefore, we shall assume that our locally measured ISO number density is characteristic
for the ISM, and that it is isotropic and uniform within our cubic parsec.
Initial density, option (ii): molecular clouds The ISO concentration could be enhanced in molecular clouds
(MCs) in comparison to the ISM as part of the MC forming process, or by capture into already-formed MCs. As MCs
form, the gas density typically increases by a factor of 104–106. The question is whether ISOs are concentrated to the
same degree as the gas. MC formation has been attributed to different processes, including converging flows driven
by stellar feedback or turbulence, gravitational instability, magneto-gravitational instability, and instability involving
differential buoyancy (for a review, see Dobbs et al. (2014)). Gravitationally-driven processes act as effectively on
ISOs as on the gas, but this is not the case for magnetically-driven processes. The relative importance of the different
processes is still under debate.
ISOs will only be efficiently captured into molecular clouds if their velocity relative to that of the gas is not too
large. Unfortunately, there exist a host of uncertainties regarding the relative velocities of clouds and ISOs. Most
importantly, the ISO velocity distribution is currently not constrained by observations. ‘Oumuamua itself had a
velocity very close to the local standard of rest prior to its interaction with the solar system. However, it is unclear
whether ‘Oumuamua’s velocity is typical for ISOs, especially as Engelhardt et al. (2017) noted that low-velocity ISOs
are preferentially detectable, so a selection effect is at work.
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As ISOs come from stellar systems, one would expect their velocity distribution to be similar to the stellar velocity
distribution, which depends on the stellar age. As we will discuss in Sec. 5, it is likely that planet, and therefore
planetesimal formation, became more efficient over time; as such it can be assumed that most ISOs come from stars
< 2 Gyr. These stars have a lower velocity dispersion than older stars, but are generally more dynamically excited
than that of MCs, with rich substructure and complexities (e.g. Hayden et al. 2019; Mackereth et al. 2019). The
various ISO production processes (Fig. 1) will give them velocities relative to that of their parent star, in the range
0–10 km/s for ejection from young planetary systems (Adams & Spergel 2005; Hands et al. 2019) and < 0.5 km/s for
the gently unbound late-stage ISOs (D. Veras pers. comm. per Veras et al. 2014b). The velocity distribution of each
star’s contribution of ISOs will then be broadened over time by encounters; for instance, ‘Oumuamua’s velocity has
been altered by its Solar encounter from near the LSR out to a more typical dispersion from the local mean (Meech
et al. 2017; Feng & Jones 2018). In summary, the formation mechanisms for ISOs would suggest that their velocity
distribution is slightly wider than that of the stellar velocity distribution.
When considering how fast molecular clouds move relative to their nearby stars, past studies focus on the internal
properties of the clouds rather than their kinematics in the disk. On the other hand, the internal one-dimensional
velocity dispersion of molecular clouds can be approximated as σ1D = 1.2D
0.3 km s−1 = 0.6–4.8 km s−1, where
D=0.1–100 is the typical diameter of the clouds. This agrees with the observationally measured values that lie in the
range of 3–10 km s−1 (Stark 1984; Miville-Descheˆnes et al. 2017). In a simple model for the possibility of MC capture
one can assume that only the ISOs with relative v < 10km/s can be captured in a cloud. Mackereth et al. (2019) found
using multivariate Gaussian distributions that ∼ 5% of stars they sampled had velocities of . 10 km/s; these stars
have ages < 2 Gyr. Under the above assumptions, this would imply that 1-4% of ISOs can be captured into MCs.
Thus, even without a full model of the ISO velocity distribution and its comparison to a detailed Galactic map of MC
bulk velocities, it is nevertheless plausible that MCs directly capture a fraction of ISOs and as such additionally raise
the ISO density. Due to the diverse uncertainties the ISO density in MCs is not well constrained, but likely is in the
range of 1015 to 1019 pc−3.
From the molecular cloud to the clump Gas density increases again by a factor of 102–103 when parts of a
molecular cloud become unstable and form clumps (Bergin & Tafalla 2007). If ISOs are concentrated in the same way
that gas is in clumps, the ISO density in clumps could increase even to 1022 pc−3. However, here the question arises
of whether only the ISOs with low relative velocities are captured. Gravitational capture during the collapse of the
cloud happens if the ISOs’ velocities are below the escape speed from the cloud, meaning v(t) <
√
2GM/d(t) , with
d being the clump diameter. Additionally, ISOs crossing in from outside our cubic parsec could contribute to the ISO
content after collapse starts. The crossing time of our parsec of MC for relative velocities of 0.1− 20 km/s will range
from 50 kyr to 10 Myr, less than the cloud freefall time of 10 Myr (Miville-Descheˆnes et al. 2017). Capture effectively
erases the ISOs’ velocity distribution.
In summary, there is potentially substantial ISO concentration once clumps have formed, with plausible densities of
up to 1021−22 pc−3. However, there are also extreme uncertainties about the relative effects of the different processes;
to be on the safe side we assume no ISO concentration at all from the ISM to the clump stage, staying at the ISM
value of ∼ 1015 pc−3.
From clumps to stars An entire cluster of stars usually forms near-simultaneously from such a clump, allowing us
to estimate the available number of ISOs available per star. For the solar neighbourhood, the star formation efficiency
typically transforms 10%–30% of the clump mass into stars. Most stars in such a cluster have a mass of 0.5 M,
therefore to form a cluster of a hundred stars requires a clump mass of Mcl ≈ 170–500 M; similarly, forming a cluster
of five thousand stars would require a clump of Mcl ≈ 8500–25000 M. There is a direct correlation between the mass
of a clump and its size (Urquhart et al. 2014; Pfalzner et al. 2016):
log(Mcl) = 3.42± 0.01 + (1.67± 0.025)× log(Rcl). (1)
with Mcl in units of solar masses and Rcl in pc. Using this correlation, one finds that the clump for a hundred stars
would typically have a radius Rcl(100) ≈ 0.3–0.4 pc, whereas those forming five thousand stars have Rcl(5000) ≈
1.0− 1.2 pc. Thus, the volume V of clump space that each individual star draws its material from is V = 4piR3cl/3N ,
and seems to be relatively independent of the cluster mass between 0.001–0.002 pc3 at least for the dominant mode
of clustered star formation. Applying a typical star formation efficiency of 30% and our adopted ISO density of
ρISO ≈ 1015 pc−3, the number of ISOs available per forming star, NSISO is therefore,
NSISO = 0.3V ρISO ≈ 3-6× 1011. (2)
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This number should be regarded as a lower limit, as the ISO density in the molecular cloud could be as much as a
factor of 106 higher (as discussed earlier in § 3), and consequently the same applies for the number of ISOs per star.
4. THE AVAILABILITY AND EFFECT OF PLANETESIMAL SEEDS IN THE DISK
The next step is the formation of a protostar and its surrounding disk, where first a gas-rich disk forms from which a
gas-poor disk develops. Here again the ISOs will behave similarly to the gas as long as the processes are dominated by
gravitational forces, but differ if gas-dynamical or magnetic forces play an important role. We shall oversimplify the
complex processes governing disk formation by assuming that the ISO density develops similarly to that of the gas;
future investigation will have to confirm how far such an assumption is justified. The inclination distribution of ISOs
will damp down and settle into a thin midplane layer in Myr; more slowly than the orbital timescale, but much less
than the disk lifetime. At the end of the disk formation process, the mass of the disk is typically 0.01-0.1 times the
mass of the star (Andrews et al. 2013). If we assume that this ratio is also typical for ISOs, it means that most of the
ISOs will actually end up in the star, but despite this low efficiency, the disk typically still contains ≈ 108− 109 ISOs.
We term these ‘seed ISOs’ to distinguish that these are embedded planetesimals.
The number of seed ISOs in the disk could be altered by several processes. Heating could destroy some of the smaller
. 1 km ice-rich seed ISOs, with the efficiency of this process dependant on the seed ISO size, composition, and their
location in the disk (i.e. the temperature they experience). The disk area that is cold enough (T < 100K) to retain
water and other volatiles depends on the mass of the host star; for solar-type stars it is outside a few au for solar-type
stars (Walsh et al. 2012) and moves to ∼ 20 au for higher mass stars. In any case there are large volumes of cold disk
available. Particle exchange between inner and outer areas will be quite small as turbulent mixing in T Tauri disks is
minimal (e.g. Willacy et al. 2015). Therefore, we can assume that this processing leaves some larger seed ISOs with
surface devolatilization, but otherwise unaffected. The total number of available seed ISOs could also increase during
the gas-rich disk phase, due to capture of ISOs from the cluster environment. The effectiveness of aerodynamic drag
capture is weak for 0.1 − 10 km-sized ISOs, but quite efficient for ∼10-metre ISOs, sourcing only tens of > 0.5 km
seed ISOs (Grishin et al. 2018), which probably reshapes the size-distribution of the seed ISOs. Like the gas, the ISOs
probably have a higher density in the inner disk, which is also where most potential loss processes take place. The
combined effects of heating and capture need to be modelled in detail; we infer it leads to a loss of very small seed
ISOs. However, even if we assume that only 10 per cent of seed ISOs are retained during this stage, O(107− 108) seed
ISOs with sizes & 100 m will still be present in the accretion stages.
The sizes of the seed ISOs embedded in the disk will control both their survival times during the disk’s 106− 107 yr
gas-rich phase (Alexander et al. 2014) and their efficiency of accretionary growth. At present, the size distribution
of the entire ISO population remains unconstrained by our knowledge of only ‘Oumuamua, and moderate constraints
will require the discovery of tens of more ISOs by surveys such as LSST (Cook et al. 2016). The cumulative size
distribution will depend on the collisional evolution that each ISO has undergone, which will in turn depend on its
dynamical history in its origin system. The number density of ISOs cannot yet be reliably related to the mass-density
production of planetary systems, as there remain substantial caveats concerning the choice of ISO size distribution
function (see detailed discussion by ISSI Team 2019). The size distribution’s precise form is non-critical for our
hypothesis: we need only obtain a guide for the behaviour of our comparatively tiny sample in a disk. Reasonable
size distribution assumptions come from the well-constrained broken power-law distribution functions observed among
the various Solar System minor planet populations from ∼ 1− 1000 km (e.g. discussions in Moro-Mart´ın et al. 2009;
Belbruno et al. 2012). Applying the broken power law with break radii at rb = 3 km, 30 km, 90 km for the number of
seed ISOs n(r) of radius r, after Moro-Mart´ın et al. (2009):
n(r) ∝ r−q1 if r < rb
n(r) ∝ r−q2 if r > rb
(3)
with q1 = 2.0 to 3.5 and q2 = 3 to 5, respectively, we consider geometric albedos of 0.04 (cometary) through pv ∼ 0.1
(‘Oumuamua; (Trilling et al. 2018)). Across this parameter space, for our number density of N(D > 100 m) ≈ 107 seed
ISOs, almost all will be ‘Oumuamua-sized objects, with plausibly 104–105 objects with diameter D ∼ 1 km, some 103
objects with D ∼ 100 km, and even a couple of dwarf planets per planet-forming disk. These estimates are sufficiently
robust if instead single power-law distributions are considered.
The majority of the seed ISOs are thus large enough to have long survival times in the disk. Hundred-metre-scale
seed ISOs will have a gas-drag-induced drift timescale of 105 yr in the inner part of disks at a few au, rising to 107 yr
‘Oumuamuas Make Planets 7
by ∼ 50 au (Weidenschilling 1977); longer than the inclination-damping timescale, and certainly long enough for
accretionary growth processes. The thousand-km seed ISOs are up into the regime where the planet-disk interaction
is dominated by gravity and Type I migration can occur (Goldreich & Tremaine 1979). However, they are sufficiently
small to only experience minimal migration (e.g. Levison et al. 2015a), with a timescale of Myr, as the migration
timescale decreases linearly with planet mass. It is also plausible that various inhomogeneities of the disk will halt
their inward migration (e.g. Cridland et al. 2019). The effects of the seed ISOs on the young disk will be challenging
to discern observationally. Single objects of this size are too low-mass to open an annular gap, nor are they directly
detectable in continuum emission. They would generate low-amplitude Linblad spiral density waves, which may be
detectable in optical observations of disk eclipses.
With the seed ISOs stably located in the disk for long durations, their size distribution provides progenitors of
planet(esimals) at a range of different sizes. At the small end of the size distribution that contains most of the seed
ISOs, the provision of ' 106 100-m and 105 km-sized objects in the gas-rich disk may help in initially resolving
the streaming instability’s low efficiency at producing km-size planetesimals, due to the effects of turbulent diffusion
(Nesvorny´ et al. 2018). The effect on the streaming instability of emplacing 100-m objects has not yet been modelled;
this is a difficult size for resolving in simulations. It remains to be seen if this density in the disk of small ISO seeds is
sufficient for efficient collisionary accretion. In contrast, among the ' 103 planetesimals of size 100-km and larger, any
ISO seeds that are ≥ 200 km in size will start to grow toward rapid pebble accretion (Visser & Ormel 2016; Johansen
& Lambrechts 2017). Such sizes have been modelled as cores for viscously stirred pebble accretion: embedded in
a gas-rich disk that slowly forms pebbles, the initially largest objects are likely to dominate, and rapidly generate
terrestrial and giant planets in 103 years (Levison et al. 2015a,b). Thus the largest of these nascent worlds will grow
efficiently (Youdin & Goodman 2005; Johansen et al. 2007; Ormel & Klahr 2010; Windmark et al. 2012a).
Not all ISO seeds will grow into planets. Some may be scattered from the system after a period of accretion and
return to the ISO population. Without sufficient collisions, the small end of the ISO seed size distribution may not
grow at all. The simulations of Levison et al. (2015a) imply even Pluto-sized objects would survive intact without
growth in the 20–30 au region of a Solar System-like disk. Thus, our hypothesis predicts the Solar System’s trans-
Neptunian populations could contain former ISOs — at low probability only, considering the losses during planetary
formation and migration.
5. THE TEMPORAL DEVELOPMENT OF PLANET FORMATION
As the overall ISO population of the Galaxy will have gradually built up over Gyr, modulo the removal of ISOs into
new planetary systems as we propose here, the first generation of stars will have lacked a background of planetesimals.
This does not trouble our hypothesis: the known variety of planetesimal formation processes would take place in first-
generation protoplanetary disks, simply on longer timescales than we observe in current-generation disks. This implies
that in the past, planet formation would have been slower, and potentially less efficient, so the planet population and
planetary system structure could have changed over time. The planetesimals would have been ejected by the processes
illustrated in Fig.1 but at slightly later stellar ages. The observed higher frequency of planets around high-metallicity
stars than around low-metallicity stars (Fischer & Valenti 2005) and indications that planet properties depend on
metallicity (Narang et al. 2018) are natural outcomes of our scenario. Equally, the non-detection of planets in globular
clusters can be interpreted as a lower planet formation rate during that epoch, rather than the potential alternatives
of a bias against detection due to the high stellar density, hindered planet formation (Vincke & Pfalzner 2018) or
increased planet ejection due to the high stellar density.
6. CONCLUSION
We have shown that the estimated numbers of ‘Oumuamua-like objects in the interstellar medium implies that their
presence could accelerate the planet formation process considerably. Some small and icy ISOs are likely to be removed
by various erosion and heating processes. Given the substantial uncertainties in several of the evolutionary steps, at
least O(107) ISOs of hundred-metre-scale and larger size can survive into the gas-rich disk. In particular, uncertainties
in whether the formation of molecular clouds concentrates ISOs from their ISM density could mean these values are
several orders of magnitude higher in the disk. These embedded planetesimals would then function as seeds for fast
and efficient planet formation. The overall ISO population of the Galaxy will have gradually built up over billions of
years. We only broadly outline this scenario, but it seems highly necessary that star and planet formation scenarios
take into account the abundant presence of ISOs throughout the Galaxy, and their increase on Gyr time scales.
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This seeding scenario also implies that planet formation was slower in the earliest generations of stars. Planetary
differentiation will surely disperse the original ISO material, which is also  0.1% of the mass of even a terrestrial
planet; the bulk planetary compositions will be dominated by that of the disk. Yet ISOs from an ancient star may
have once been the hearts of many young planets.
M.T.B. acknowledges support from UK Science and Technology Facilities Council grant ST/P0003094/1. We appre-
ciate helpful conversations with Sean Raymond, Richard Alexander, Bertram Bitsch, Jos de Bruijne, Alan Fitzsimmons,
Paul Francis, Samantha Lawler, Ted Mackereth, Mordecai-Mark Mac Low, Tom Millar and Dimitri Veras. We thank
the two referees for their thoughtful comments that helped improve and strengthen the manuscript. We thank the In-
ternational Space Science Institute (ISSI Bern), which made this collaboration possible, and our enthusiastic colleagues
on the ISSI ‘Oumuamua team3 for an enjoyable workshop that helped spark this work.
REFERENCES
Adams, F. C., & Spergel, D. N. 2005, Astrobiology, 5, 497
Alexander, R., Pascucci, I., Andrews, S., Armitage, P., &
Cieza, L. 2014, in Protostars and Planets VI, ed.
H. Beuther, R. S. Klessen, C. P. Dullemond, &
T. Henning, 475
Andrews, S. M., Rosenfeld, K. A., Kraus, A. L., & Wilner,
D. J. 2013, ApJ, 771, 129
Andrews, S. M., Huang, J., Pe´rez, L. M., et al. 2018, ApJ,
869, L41
Armitage, P. J. 2018, A Brief Overview of Planet
Formation, 135
Belbruno, E., Moro-Mart´ın, A., Malhotra, R., & Savransky,
D. 2012, Astrobiology, 12, 754
Bergin, E. A., & Tafalla, M. 2007, Annual Review of
Astronomy and Astrophysics, 45, 339
Birnstiel, T., Fang, M., & Johansen, A. 2016, SSRv, 205, 41
Blum, J., & Wurm, G. 2008, Annual Review of Astronomy
and Astrophysics, 46, 21
Boss, A. P. 2001, ApJ, 563, 367
Brasser, R., Higuchi, A., & Kaib, N. 2010, A&A, 516, A72
Brauer, F., Dullemond, C. P., Johansen, A., et al. 2007,
A&A, 469, 1169
Charnoz, S., & Morbidelli, A. 2003, Icarus, 166, 141
Cook, N. V., Ragozzine, D., Granvik, M., & Stephens,
D. C. 2016, ApJ, 825, 51
Cridland, A. J., Pudritz, R. E., & Alessi, M. 2019, accepted
to MNRAS, arXiv:1901.00778
Do, A., Tucker, M. A., & Tonry, J. 2018, ApJL, 855, L10
Dobbs, C. L., Krumholz, M. R., Ballesteros-Paredes, J.,
et al. 2014, in Protostars and Planets VI, ed. H. Beuther,
R. S. Klessen, C. P. Dullemond, & T. Henning, 3
Donati, J. F., Moutou, C., Malo, L., et al. 2016, Nature,
534, 662
3 http://www.issibern.ch/teams/1ioumuamua/
Duncan, M., Quinn, T., & Tremaine, S. 1987, AJ, 94, 1330
Engelhardt, T., Jedicke, R., Veresˇ, P., et al. 2017, AJ, 153,
133
Feng, F., & Jones, H. R. A. 2018, ApJ, 852, L27
Fischer, D. A., & Valenti, J. 2005, ApJ, 622, 1102
Fortier, A., Benvenuto, O. G., & Brunini, A. 2007, A&A,
473, 311
Francis, P. J. 2005, ApJ, 635, 1348
Fujii, M. S., & Hori, Y. 2018, arXiv e-prints,
arXiv:1811.08598
Goldreich, P., & Tremaine, S. 1979, ApJ, 233, 857
Grishin, E., Perets, H. B., & Avni, Y. 2018, arXiv e-prints,
arXiv:1804.09716
Guilbert-Lepoutre, A., Besse, S., Mousis, O., et al. 2015,
SSRv, 197, 271
Haisch, Jr., K. E., Lada, E. A., & Lada, C. J. 2001, ApJL,
553, L153
Hands, T. O., Dehnen, W., Gration, A., Stadel, J., &
Moore, B. 2019, arXiv e-prints, arXiv:1901.02465
Hanse, J., J´ılkova´, L., Portegies Zwart, S. F., & Pelupessy,
F. I. 2018, MNRAS, 473, 5432
Hayden, M. R., Bland-Hawthorn, J., Sharma, S., et al.
2019, arXiv e-prints, arXiv:1901.07565
Hoang, T., Loeb, A., Lazarian, A., & Cho, J. 2018, ApJ,
860, 42
ISSI Team. 2019, In review, Nature Astronomy, 15
Jewitt, D. 2003, Earth Moon and Planets, 92, 465
J´ılkova´, L., Hamers, A. S., Hammer, M., & Portegies
Zwart, S. 2016, MNRAS, 457, 4218
Johansen, A., Ida, S., & Brasser, R. 2018, arXiv e-prints,
arXiv:1811.00523
Johansen, A., & Lambrechts, M. 2017, Annual Review of
Earth and Planetary Sciences, 45, 359
Johansen, A., Oishi, J. S., Mac Low, M.-M., et al. 2007,
Nature, 448, 1022
‘Oumuamuas Make Planets 9
Johns-Krull, C. M., McLane, J. N., Prato, L., et al. 2016,
ApJ, 826, 206
Kaib, N. A., Rosˇkar, R., & Quinn, T. 2011, Icarus, 215, 491
Keppler, M., Benisty, M., Mu¨ller, A., et al. 2018, A&A,
617, A44
Kratter, K., & Lodato, G. 2016, ARA&A, 54, 271
Kresak, L. 1992, A&A, 259, 682
Kretke, K. A., & Levison, H. F. 2014, AJ, 148, 109
Lambrechts, M., & Johansen, A. 2012, A&A, 544, A32
Levison, H. F., Duncan, M. J., Brasser, R., & Kaufmann,
D. E. 2010, Science, 329, 187
Levison, H. F., Kretke, K. A., & Duncan, M. J. 2015a,
Nature, 524, 322
Levison, H. F., Kretke, K. A., Walsh, K. J., & Bottke,
W. F. 2015b, Proceedings of the National Academy of
Science, 112, 14180
Long, F., Pinilla, P., Herczeg, G. J., et al. 2018, ApJ, 869,
17
Mackereth, J. T., Bovy, J., Leung, H. W., et al. 2019, arXiv
e-prints, arXiv:1901.04502
Mamajek, E. E. 2009, in American Institute of Physics
Conference Series, Vol. 1158, American Institute of
Physics Conference Series, ed. T. Usuda, M. Tamura, &
M. Ishii, 3–10
McGlynn, T. A., & Chapman, R. D. 1989, ApJL, 346, L105
Meech, K. J., Hainaut, O. R., & Marsden, B. G. 2004,
Icarus, 170, 463
Meech, K. J., Yang, B., Kleyna, J., et al. 2016, Science
Advances, 2, e1600038
Meech, K. J., Weryk, R., Micheli, M., et al. 2017, Nature,
552, 378
Micheli, M., Farnocchia, D., Meech, K. J., et al. 2018,
Nature, 559, 223
Miville-Descheˆnes, M.-A., Murray, N., & Lee, E. J. 2017,
ApJ, 834, 57
Morbidelli, A., Bottke, W. F., Nesvorny´, D., & Levison,
H. F. 2009, Icarus, 204, 558
Morbidelli, A., & Raymond, S. N. 2016, Journal of
Geophysical Research (Planets), 121, 1962
Moro-Mart´ın, A. 2019, accepted to AJ, arXiv:1811.00023
Moro-Mart´ın, A., Turner, E. L., & Loeb, A. 2009, ApJ, 704,
733
Narang, M., Manoj, P., Furlan, E., et al. 2018, AJ, 156, 221
Nesvorny´, D., Parker, J., & Vokrouhlicky´, D. 2018, AJ, 155,
246
Ormel, C. W., & Klahr, H. H. 2010, A&A, 520, A43
Pfalzner, S., Kirk, H., Sills, A., et al. 2016, A&A, 586, A68
Pfalzner, S., Steinhausen, M., & Menten, K. 2014, ApJ,
793, L34
Pfalzner, S., Davies, M. B., Gounelle, M., et al. 2015, PhyS,
90, 068001
Pollack, J. B., Hubickyj, O., Bodenheimer, P., et al. 1996,
Icarus, 124, 62
Raymond, S. N., Armitage, P. J., Veras, D., Quintana,
E. V., & Barclay, T. 2018, MNRAS, 476, 3031
Raymond, S. N., & Izidoro, A. 2017, Icarus, 297, 134
Richert, A. J. W., Getman, K. V., Feigelson, E. D., et al.
2018, MNRAS, 477, 5191
Righter, K., & O’Brien, D. P. 2011, Proceedings of the
National Academy of Sciences, 108, 19165
Sekanina, Z. 1976, Icarus, 27, 123
Shannon, A., Jackson, A. P., Veras, D., & Wyatt, M. 2015,
MNRAS, 446, 2059
Simon, J. B., Armitage, P. J., Youdin, A. N., & Li, R. 2017,
ApJL, 847, L12
Stark, A. A. 1984, ApJ, 281, 624
Stern, S. A. 1990, Publications of the Astronomical Society
of the Pacific, 102, 793.
http://stacks.iop.org/1538-3873/102/i=653/a=793
Stern, S. A., & Shull, J. M. 1990, ApJ, 359, 506
Tanikawa, A., Suzuki, T. K., & Doi, Y. 2018, Publications
of the Astronomical Society of Japan, 70, 80
Testi, L., Birnstiel, T., Ricci, L., et al. 2014, in Protostars
and Planets VI, ed. H. Beuther, R. S. Klessen, C. P.
Dullemond, & T. Henning, 339
Tinsley, B. M., & Cameron, A. G. W. 1974, Ap&SS, 31, 31
Torbett, M. V. 1986, AJ, 92, 171
Trilling, D. E., Mommert, M., Hora, J. L., et al. 2018, AJ,
156, 261
Urquhart, J. S., Moore, T. J. T., Csengeri, T., et al. 2014,
MNRAS, 443, 1555
van der Marel, N., Dong, R., di Francesco, J., Williams, J.,
& Tobin, J. 2019, ApJ, arXiv:1901.03680
Vavilov, D. E., & Medvedev, Y. D. 2019, submitted to
MNRAS, arXiv:1812.11334
Veras, D., Evans, N. W., Wyatt, M. C., & Tout, C. A.
2014a, MNRAS, 437, 1127
Veras, D., Shannon, A., & Ga¨nsicke, B. T. 2014b, MNRAS,
445, 4175
Veras, D., Wyatt, M. C., Mustill, A. J., Bonsor, A., &
Eldridge, J. J. 2011, MNRAS, 417, 2104
Vincke, K., & Pfalzner, S. 2018, ApJ, 868, 1
Visser, R. G., & Ormel, C. W. 2016, A&A, 586, A66
Walsh, C., Nomura, H., Millar, T. J., & Aikawa, Y. 2012,
ApJ, 747, 114
Weidenschilling, S. J. 1977, MNRAS, 180, 57
—. 1980, Icarus, 44, 172
Whipple, F. L. 1975, AJ, 80, 525
10 Pfalzner & Bannister
Willacy, K., Alexander, C., Ali-Dib, M., et al. 2015, SSRv,
197, 151
Windmark, F., Birnstiel, T., Gu¨ttler, C., et al. 2012a,
A&A, 540, A73
Windmark, F., Birnstiel, T., Ormel, C. W., & Dullemond,
C. P. 2012b, A&A, 544, L16
Youdin, A. N., & Goodman, J. 2005, ApJ, 620, 459
Youdin, A. N., & Rieke, G. H. 2015, in Planetesimals: Early
Differentiation and Consequences for Planets, ed. L. T.
Elkins-Tanton & B. P. Weiss (Cambridge University
Press)
Zhang, S., Zhu, Z., Huang, J., et al. 2018, ApJ, 869, L47
Zsom, A., Ormel, C. W., Gu¨ttler, C., Blum, J., &
Dullemond, C. P. 2010, A&A, 513, A57
